The MIT Faculty has made this article openly available. Please share how this access benefits you. Your story matters. Compared with traditional nanoparticle-based photoanodes, the NW-based DSC photoanodes demonstrate much higher electron diffusion lengths while maintaining a comparable light-harvesting capacity, thus leading to improved power conversion efficiencies. In addition, the NW-based semiconducting mesoporous thin films are able to load sufficient organolead iodide perovskite materials into the interconnected pores, and the perovskite-coated films are utilized as efficient photoanodes for solid-state organolead iodide perovskite hybrid solar cells (PSCs) and achieve better power conversion efficiencies compared to liquid-state DSCs.
INTRODUCTION
Mesoporous semiconducting structures demonstrate advantages over bulk, macroporous materials and have been employed to improve the photo-electrochemical performance of catalytic electrodes, water splitting, 1 photonics, 2 and photovoltaics. 3, 4 Large active surface areas of mesoporous structure are beneficial to maximize catalytic or photoactive sites, loading of active materials, and amount of modified functional groups.
Furthermore, continuous pathways within the semiconducting structures are critical to transport the photo-excited carriers to current collectors efficiently. To collect the carriers effectively, the recombination at the grain boundaries along percolative pathways must be minimized. Therefore, optimizing semiconducting architectures for practical photoelectrochemical applications requires a high degree of control over the spatial organization of nanomaterials within the mesoporous structures.
Bio-templated synthesis serves as an ideal synthetic approach, and the biological templates with desired morphology are utilized to direct the organization, nucleation, or growth of targeted materials into a functional matrix. 5, 6 The M13 virus, which is 880 nm in length and 6.6 nm in diameter, is a versatile biological scaffold that can be genetically engineered to organize nanomaterials into nanowire (NW)-based networks, including metals, 7 perovskite materials, 8 carbon materials, 9 conducting polymers, 10 and semiconductors. Titanium dioxide in the anatase nanocrystalline phase (n-TiO 2 ) is a widely-used wide bandgap semiconducting metal oxide for photo-electrochemical applications, such as water splitting, bulk-heterojunction solar cells, and sensitized solar cells. 11 Compared to traditional nanoparticle (NP)-based n-TiO 2 photoanodes, the NWbased n-TiO 2 photoanodes exhibit improved electron collection properties and also power conversion efficiencies (PCEs). 12, 13 Three-dimensional (3D) porous NW-based n-TiO 2 structures can be fabricated by utilizing M13 viruses as templates in various processes, including electrostatic self-assembly, 13 hydrogel-templated method, 12 and covalent layerby-layer assembly. 14 Although each of these approaches yields a unique morphology and efficient photovoltaic performance, the fabrication processes can only achieve structures with a limited range of physical characteristics. For instance, covalent layer-by-layer assembly can make highly uniform nanoporous structures with thin NW diameters (<25 nm), 14 whereas the hydrogel method produces hierarchical micro-porous films with large NW diameters (~200-300 nm). 12 In order to meet the myriad of functions required in photo-electrochemical applications, a more controllable synthetic technique is desired that enables the control of each morphological parameter -diameter of NWs, nano-and microporosity, and film thickness -independently during the fabrication process of mesoporous semiconducting networks.
In this study, a controllable fabrication process for mesoporous NW-based n-TiO 2 networks via M13 viruses as templates offers precise control over many of these features.
Structural properties of the semiconducting networks can be engineered independently, including the extent of the conformal coating, diameter of NWs, size of crystallized particles, film thickness, and film porosity. First, the temperature of the hydrolysis reaction determines the extent of the conformal amorphous TiO 2 (a-TiO 2 ) nucleation to the virus surface. Likewise, by adjusting the concentration of TiO 2 precursor, the diameter of a-TiO 2 NWs can be precisely tuned. In the meantime, the size of crystallites comprising the annealed n-TiO 2 NWs strongly depends on the thickness of a-TiO 2 nucleated on the virus templates prior to annealing. Finally, the film porosity can be tuned by adjusting the amount of sacrificial polymer blended with the a-TiO 2 NWs during film deposition. were achieved by either doctor-blading or spin-coating on FTO substrates. After drying at 100
• C, the TiO 2 films were gradually heated to 500
• C for 30 minutes. The processes (doctor-blading/spin-coting and annealing) were repeated several times to achieve the optimal thickness of DSC photoanodes (over 10 m). Film thickness was monitored using a surface profilometer (Veeco Dektak). Scanning electron microscopy (SEM) images of the film morphology were obtained using Helios Nanolab 600 Dual Beam electrode into a known amount of 0.3 M NaOH and using a UV-Vis calibration curve to determine the concentration of dye in solution to total amount of dye per film volume.
Fabrication of dye-sensitized solar cells (DSCs

Fabrication of organolead iodide perovskite hybrid olar cells (PSCs).
The ~500-nmthick NW-based PSC photoanodes were fabricated by spin-coating the paste at 3000 r.p.m. for 30 seconds. After drying at 100
• C, the TiO 2 films were gradually heated to 500 Figure 1A illustrates the process developed to construct mesoporous semiconducting networks utilizing M13 viruses as templates. First, the TiO 2 precursor (i.e., Ti(OBu) 4 ) is dissolved in ethanol at low temperature (<-40 • C), and an aqueous virus solution is then added into the solution at constant temperature. Then, as the solution is allowed to warm back to room temperature, the virus-templated a-TiO 2 NWs are precipitated, centrifuged, and washed. After the purified products are collected, the aTiO 2 NWs are blended with sacrificial polymers in terpineol to prevent the annealed film from cracking and to control the film porosity. Either a spin-coating or doctor-blading method is used to deposit the film and control its thickness. The amorphous coated films are then annealed at 500 • C in order to (1) remove the virus templates and polymers through high temperature oxidation, (2) convert the a-TiO 2 into nanocrystalline n-TiO 2 , and (3) sinter neighboring nanocrystals as well as nanowires together to form an interconnected, percolative network. By controlling the fabrication parameters at each step, a wide range of film morphologies can be achieved.
RESULTS AND DISCUSSION
Controlling the rate of hydrolysis of Ti(OBu) 4 is critical for tuning the extent of conformal nucleation of a-TiO 2 along the M13 virus. Although transition metal alkoxides hydrolyze rapidly with water, the rate can be depressed by performing the reaction at lower temperatures. 22 The influence of reaction temperature on the morphologies of aTiO 2 NWs coated on M13 viruses is observed by TEM, and the results are shown in In order to visualize the nanocrystallites forming the NWs, the annealed n-TiO 2
NWs are disintegrated by ultrasonication, and the disassembled crystallites are characterized by TEM in Figure 3A -3C. In Figure 3A , the size of crystallites forming annealed 20-nm-NWs is smaller than 10 nm, resulting from the thin constrained region of nucleation of a-TiO 2 on the virus templates. Such small crystallites result in more grain boundaries along any given conductive pathways, which lead to an increased electron diffusion resistance and increased recombination opportunities of photo-excited carriers at the NW surface. On the other hand, 30-nm-NWs and 40-nm-NWs exhibit thicker coatings, which form nanocrystals larger than 15 nm ( Figure 3B , 3C) upon annealing, which agrees with the reported optimal particle size to achieve efficient electron collection within the DSC photoanodes. It is expected from previous reports that optimal photovoltaic performance of sensitized solar cells would be achieved by photoanodes exhibiting film porosities around 50%. 26, 27 The mesoporous semiconducting networks constructed by n-TiO 2 20-nm-NWs (20-nm-NW thin film, Figure 4A ), n-TiO 2 30-nm-NWs (30-nm-NW thin film, Figure   4B ), and n-TiO 2 40-nm-NWs (40-nm-NW thin film, Figure 4C ) can be tuned to achieve the film porosities around 52.3%, 51.6% and 51.9%, respectively, as determined by (Figure S2) , and the optimal thickness of DSC photoanodes is about 12-14 m. Since the charge separation efficiency approaches unity when the N719 dye and n-TiO 2 are used, the overall device performance is governed by the ability of the photoanodes to harvest light and transport photo-generated electrons. First, the light-harvesting capability of a DSC photoanode is proportional to the amount of dye that is adsorbed onto the photoanode, which highly depends on the available active surface area of the n-TiO 2 mesoporous structures. The n-TiO 2 thin films are soaked in the dye solution, and the dye loading is quantified by desorbing the dye molecules from the n-TiO 2 surface. By analyzing the absorption of the dye solution, the dye loading (Figure 6A ) of the NW-based thin films are calculated and compared with the photoanodes made by commercial TiO 2 NP paste. In Figure 6A , , respectively.
The decreased dye loading results from the lower surface-to-volume ratio of the NWs and larger average pores in the thin films, thus the reduced active surface area.
In addition, to understand the electron-transporting properties of the photoanodes constructed by different NW-based morphologies, the EIS are measured after the DSCs are assembled. The L n of DSC photoanodes shown in Figure 6B is calculated from the Nyquist diagrams. The detailed Nyquist diagram at higher frequency and the fitting results at 725 mV are also shown in Figure S3 . These results along with the corresponding efficiencies of electron collection ( COL ) are summarized in Table 1 . The details of the calculations for determining L n and  COL are provided in Supporting Information. 16, 28, 29 As shown in Figure 6B and Table 1 , the 30-nm-NW and 40-nm-NW photoanodes exhibit longer L n (93.9 m and 76.1 m) and higher  COL (99.5% and 99.3%) than the n-TiO 2 NP-based photoanodes (37.1 m, 93.9%), respectively. The 3D network composed of interconnected n-TiO 2 NWs improves electron-transporting property by reducing opportunities for interfacial recombination and thus lengthening electron lifetimes. However, the 20-nm-NW photoanode exhibits a shorter L n (6.8 m)
and an inefficient  COL (51.2%). This is believed to be due to the small size of the nanocrystallites (<10 nm) in the photoanodes, which leads to increased photo-carrier recombination at numerous grain boundaries along the n-TiO 2 NWs.
After the light-harvesting and electron-transporting properties of the photoanodes are both characterized, the overall photo-electrochemical performance of DSCs employing the mesoporous n-TiO 2 NW-based photoanodes are measured and compared to the DSCs with n-TiO 2 NP-based photoanodes. The average and highest PCE among ~5-10 DSCs for each kind of photoanode are shown in Figure 6C . The current densityvoltage (J-V) curves of the most efficient DSCs are plotted in Figure 6D . The related photovoltaic parameters, including open circuit voltage (V OC ), fill factor (FF), shortcircuit current density (J SC ) , PCE, L n ,  COL , and dye loading, are summarized in Table 1 .
In order to achieve efficient device performance, the light-harvesting capability and electron-transporting property of the mesoporous structures are required to be optimized simultaneously. Otherwise, insufficient photo-excited electrons are generated or the electrons are easily lost due to radiative recombination during electron collection. For instance, the 40-nm-NW DSC shows improved electron-transport properties over the NPbased DSCs, but insufficient dye loading results in a lower light-harvesting capability and thus reduced overall photovoltaic performance. On the other hand, even though the 20-nm-NW DSC exhibits a similar light-harvesting capability as the NP-based DSC, the device performance is much lower than the NP-based DSC due to the lower L n . By optimizing both the active surface area and the size of crystallites in the mesoporous structures, the 30-nm-NW DSC demonstrates balanced light-harvesting and electrontransporting abilities, exhibiting a higher PCE (7.1%) and J SC (14.0 mA cm -2 ) than the NP-based DSC (6.6% and 12.3 mA cm -2 ). Despite having a slightly lower light-harvesting capability, the 30-nm-NW photoanodes composed of interconnected NWs provide more efficient electron diffusion pathways to transport photo-excited electrons to the current collector, leading to increased charge collection efficiencies and improved
PCEs over the NP-based DSCs.
In addition, the NW-based semiconducting mesoporous thin films are utilized as the photoanodes of solid-state PSCs. Since organolead iodide perovskite materials are known as efficient light-harvesters and electron-transporters, the architecture of solid-sate
PSCs is quite different from that of liquid-state DSCs. [30] [31] [32] [33] [34] For instance, the optimal thickness of n-TiO 2 PSC photoanodes (~0.5 m) is much thinner than that of DSC photoanodes (>10 m). To achieve this thickness, the thin films are fabricated via spincoating process followed by high-temperature annealing. After the PSCs are assembled by employing 30-nm-NW thin films, they are characterized by EIS under dark conditions to understand the resistance to charge recombination ( Figure 7A ). Nyquist diagrams of solid-state PSCs employing 30-nm-NW photoanodes at 700 mV are shown in Figure   S4A -S4C. Nyquist diagrams at 700 mV ( Figure S4A ) are both enlarged to observe the detailed features in the intermediate ( Figure S4B ) and high frequency regions ( Figure   S4C ). After the NW-based PSC is characterized by EIS, the spectra are analyzed using a reported model. [17] [18] [19] [20] [21] The recombination resistances of the PSCs employing 30-nm-NW photoanode shown in Figure 7A are similar to the results reported in the literature. 18 Also, J SC , and FF are also shown in Figure S5A -S5C, respectively. The inset of Figure 7C presents the average PCE and the highest PCE from batches of PSCs. The highest PCE is 7.5% with a high J SC around 17.8 mA cm -2 . The distributions of photovoltaic performances of the PSCs are disperse, which is also observed in the literature. 21, 31 The J-V curve of the most efficient PSC is plotted in Figure 7C , and the related photovoltaic parameters are listed in Table 1 . From the EIS and photovoltaic measurements, it is clearly demonstrated that the mesoporous NW-based n-TiO 2 structures with high porosity and interconnected pores allow high loading of organolead iodide perovskite materials.
The organolead iodide perovskite-coated NW-based n-TiO 2 structures can be served as efficient photoanodes with sufficient light-absorption and high electron-transporting properties, leading to better PCEs than the liquid-state DSCs. With on-going optimization on the fabrication process of PSCs, the photovoltaic performance can be further improved.
CONCLUSION
In summary, we report an improved approach to synthesizing a-TiO 2 NWs via using M13 viruses as templates and assembling the NWs into mesoporous semiconducting networks. This tunable fabrication process provides the opportunities to tune important structural parameters independently, including the extent of conformal coating, diameter of NWs, size of crystallites, film thickness, and film porosity. NWs by binding the AuNPs on M13 virus prior to the a-TiO 2 nucleation ( Figure S6A and S6B). After the annealing, the AuNPs@n-TiO 2 NWs structure can be synthesized ( Figure   S6D and S6E), and confirmed by XRD analysis ( Figure S6C ). Specifically, the morphology of the networks can be controlled to meet the structural requirements needed for optimization of highly porous NW electrodes for the active phase of supercapacitors, lithium ion batteries and water splitting devices. 
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The authors wish to dedicate this paper to the memory of Officer Sean Collier, for his caring service to the MIT community and for his sacrifice. Figure 2A , 2B, and 2C, respectively. The TEM images demonstrate that the diameter of NWs can be precisely controlled by the concentration of Ti(OBu) 4 in the low-temperature hydrolysis reaction. D. TEM image of the annealed NW with a cavity (diameter ~7 nm) in the center, indicating that the viral templates are burned off during the high-temperature annealing. E. XRD analysis of the a-TiO 2 NWs after the low-temperature hydrolysis and the n-TiO 2 NWs after the hightemperature annealing. The blue diamond symbols indicate the peaks of n-TiO 2 phase, and TEM image of the n-TiO 2 nanocrystallites with lattice constant ~3.6 Å is shown in the inset of Figure 1E . The XRD analysis demonstrates that the a-TiO 2 products crystallize into the n-TiO 2 structures. Figure 4A -4C is shown in Figure 5A -5C. The average pore diameter of the mesoporous films increases Figure S4 . B. J-V curves of the most efficient PSCs employing the NPbased and 30-nm-NW n-TiO 2 photoanodes and the related photovoltaic parameters listed in Table 1 . The inset figure shows the average efficiency and highest performance of the PSCs employing 30-nm-NW n-TiO 2 photoanodes among multiple batches of PSCs (~25 devices in total). C. The static data of PCE distribution for multiple batches of PSCs (~25 devices in total) employing 30-nm-NW n-TiO 2 photoanodes. Each batch is around 8-10 devices, and three batches are conducted in total. Figure 6D and the PSCs in Figure 7C . Figure S1 . The microscopy images of the annealed NW-based n-TiO 2 films A. without and B. with employing the sacrificial polymers. The images indicate the sacrificial polymer helps prevent the formation of large crack during the annealing process. 
Calculation of Electron Diffusion Length (L n ) from Electrochemical Impedance Spectra (EIS)
The electron diffusion length, L n , can be calculated from L n = L×(R REC /R T ) 1/2 , where L is the film thickness, R REC is electron recombination resistance, and R T is electron transport resistance. R REC and R T were obtained by fitting the measured electrochemical impedance spectra to the transmission line model (shown in the inset of Figure S3B ) with the Z-view software (v3.2b, Scribner Associates Inc). The transmission line component (Z TiO2 in the inset of Figure S3B ) in an equivalent circuit is often used to represent the interface resistance and capacitance for a porous structure, which is the case for the photoanodes of DSCs. During fitting the electrochemical impedance spectra to the transmission line model, the resistance and capacitance at the substrate/TiO 2 interface, and the substrate/electrolyte interface were assumed negligible due to good contact between substrate and TiO 2 and blocking layer of TiO 2 . In Figure S3 , electrochemical impedance spectra from each of three types of DSCs, measured at 725 mV, are shown in symbols.
The fitted results are shown as solid lines. For more detailed information about fitting electrochemical impedance spectra to the transmission line model and extracting electron diffusion length from fitted electrochemical impedance spectra, refer references 21, 22, and 23.
Calculation of Electron Collection Efficiency ( COL ) from Electron Diffusion Length (L n /L)
The electron collection efficiency is culculated by using the equation in reference 22: where d is the thickness of the TiO 2 film, L is the electron diffusion length, and α is the extinction coefficient of dye sensitized TiO 2 film. The notation is different from that we used in the manuscript: we used L for the thickness of the TiO 2 film and L n for the electron diffusion length. For the calculation, we assume αd equals to 1, indicating 90% of the incident light is absorbed. All L/d values were taken at a bias value of 725 mV, as shown in Figure 6B and Table 1 . Figure S4 . Nyquist diagrams of the EIS obtained under dark condition for PSCs employing the 30-nm-NW photoanodes. A-C are the Nyquist diagrams corresponding to the impedance spectra under dark conditions in the applied voltages at 700 mV. At high frequency ( Figure S4C ), the gold/HTM interface is similar to the interface between the liquid electrolyte and the counter electrode in DSCs (reference 29). The resistance at this interface remains almost the same over the whole applied voltage range, and the resistance slightly reduces at higher applied voltage, which is often observed in the literature (reference 30). Moreover, at intermediate frequency ( Figure S4B ), the straight characteristics of transmission line, which is normally observed in the nanostructured photoanodes, are seen. The transmission lines merge into the semicircles representing the recombination resistance at lower frequency. The solid lines are the fits by the reported models previously used in references 29, 30, 31, 32 and 33 for solid-state DSCs and PSCs. 
